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Preface 
This thesis is the culmination of my master’s study in biology from Roskilde University 
(RUC), where I have studied environmental and molecular biology. The thesis has been 
completed in collaboration with the Technical University of Denmark – National 
Institute of Aquatic Resources (DTU Aqua) at the Section for Population Genetics in 
Silkeborg. 
 
The aim of this thesis was to investigate population structure of Atlantic cod (Gadus 
morhua) in the Baltic Sea, with emphasise on the genetic interaction between the 
eastern and western Baltic cod populations, and associated implications for 
management. In particular, to investigate possible differences in patterns of genetic 
differentiation and statistical power between previous data obtained from microsatellite 
genetic markers and newly developed SNP markers. All genetic analyses were carried 
out at the Section for Population Genetics in Silkeborg. Supplementary courses in 
population and conservation genetic analysis were taken at The University of Aarhus, 
University of Copenhagen and Lunds University in Sweden.  
 
This thesis includes a general introduction to population genetics, a historical review of 
application of population genetic analysis on fishes in the marine environment, and two 
article manuscripts. In both the general introduction and the review I included my own 
results where I felt that these could contribute significantly to the field. The two article 
manuscripts present and discuss my own work. 
 
I am sincerely grateful to Einar Eg Nielsen (DTU Aqua) for taking me in as a master’s 
student and improving my population genetic skills, to my supervisors Lene Juel 
Rasmussen (RUC) and Morten Foldager Pedersen (RUC) for discussions, comments, 
and keeping me on track.  
 
Furthermore I would like to thank Dorte Meldrup (DTU Aqua) for guidance and 
assistance with genetic analysis of DNA samples, Michael Møller Hansen (DTU Aqua), 
Thomas Damm Als (DTU Aqua) and Jakob Hemmer-Hansen (DTU Aqua) for fruitful 
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discussions and computational help, my girlfriend Evi for accepting the sacrifice of me 
moving to Silkeborg, in order to pursue my desire to acquire the needed population 
genetic skills to successfully complete this master’s thesis, and my family for always 
supporting and believing in me. 
 
Last but not least I would like to direct special appreciation to my dear friend and fellow 
student Kristian Meier for assistance, collaboration and fruitful discussions during our 
entire study period at RUC. 
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Summary 
Traditionally, marine fish species have been viewed as consisting of single panmitic 
populations because of obvious lack of physical barriers in the marine environment. 
Most of the world’s fisheries are now overexploited and sustainable management is 
warranted. The identification of genetic structure and genetic variation in populations of 
exploited species is a prerequisite for correct management to secure long term 
sustainable yield and to protect biodiversity.  
 
Resent studies have strongly suggested population structuring of marine fishes down to 
a micro-geographical scale of a few tens of kilometres supposedly maintained by 
environmental barriers and adaptation to local environments. These findings illustrate 
the importance of focusing on local populations for management and conservation of 
local genetic diversity, which in turn is important for securing long term evolutionary 
potential in a changing environment. Different molecular markers have been applied 
over the course of population genetic history to identify these interactions. The possible 
application and power to detect genetic differentiation between populations varies 
among molecular markers making the choice of marker, best suited for the study at 
hand, important. 
 
My results strongly indicate that single nucleotide polymorphic markers (SNP) provide 
more power to detect population admixture among subpopulations with low genetic 
differentiation, compared to microsatellites. The results suggest the presence of a hybrid 
zone explained by a hybrid swarm model between the genetically different eastern and 
western Baltic cod populations in the Baltic Sea. Additionally, the results suggest 
stability within temporally separated samples from the eastern and western Baltic cod 
stocks. Further, I most likely identified the most eastern spawning location of the 
western Baltic cod stock. Last but not least, I identified the genetic identity of spawning 
mature cod, sampled in the western Baltic in the Arkona basin, as belonging to the 
eastern Baltic cod population. These findings could have important implications for 
future assessment and management of the two stocks. 
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Dansk resumé 
Marine fiskearter er traditionelt set blevet betragtet som bestående af en stor homogen 
population på grund af den åbenlyse mangel på fysiske barrierer i det marine miljø. 
Flertallet af de arter, der bliver fisket på, bliver overfisket og bæredygtig forvaltning 
ønskes derfor. Hvis det skal kunne lade sig gøre at langtidssikre et bæredygtigt fiskeri 
og samtidig bevare biodiversiteten, så er det nødvendigt – gennem effektiv forvaltning – 
at foretage en identifikation af genetisk struktur og genetisk variation i populationer af 
overudnyttede arter. 
 
Nylige studier har stærkt antydet populationsstrukturer for marine fisk helt ned på en 
mikro- geografisk skala (10-100 kilometer); strukturer, som muligvis er opretholdt af 
miljøbarrierer samt tilpasning til lokale miljøer. Disse observationer illustrerer 
vigtigheden af, at man fokuserer på lokale populationer hvis målet er bedre forvaltning 
samt mere effektiv bevarelse af lokal genetisk diversitet; en diversitet, som også sikrer 
artens samlede langsigtede evolutionære potentiale i et miljø i forandring. Gennem 
populations-genetikkens historie er forskellige molekylære markører blevet anvendt til 
at undersøge fordelingen af den genetiske diversitet inden for en art. I forbindelse med 
den foreliggende analyse, af torskebestande i Østersøen, er valget af molekylære 
markører afgørende, da de forskellige markører varierer i deres grad af egnethed til 
forskellige typer analyser, ligesom de varierer i deres statistiske styrke til at detektere 
genetiske forskelle mellem populationer. 
 
Mine resultater peger på, at et højt antal molekylære ”single nucleotide polymorphisms” 
markører (SNPs) har den største styrke til at detektere blandinger af subpopulationer 
med lav genetisk differentiering. Resultaterne styrker endvidere den tidligere 
formodning om forekomsten af en hybrid zone mellem den østlige og vestlige bestand 
af torsk i Østersøen, ligesom de tyder på stabilitet inden for bestandene, da temporalt 
adskilte prøver fra den øst- og vestlige torskebestand i Østersøen ikke udviser genetisk 
differentiering. På baggrund af mine analyser kan vi med en vis sikkerhed identificere 
Østersøens vestlige torskebestands mest østlige gydeområde. Samtidig kan vi med 
endnu større sikkerhed identificere den genetiske o
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Arkona bassinet i den vestlige del af Østersøen, som tilhørende den østlige bestand. 
Denne viden kan have stor betydning for fremtidige udregninger af bestandens størrelse 
samt for forvaltningen af de to bestande af torsk i Østersøen. 
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Introduction 
Unlimited and free accesses to wild fisheries are no longer a possibility. Management of 
these fisheries has now become necessary to secure long term sustainable yield, prevent 
population crashes and assist in the recovery of depleted or endangered stocks (Ward 
2000). Most of the exploited marine fisheries are declining due to heavy over 
exploitation (Worm et al. 2006). In 1992 one of the worlds largest and most important 
cod population, the north western cod population at Newfoundland in Canada collapsed. 
It was estimated that by 1994 the spawning stock biomass (SSB) had declined with as 
much as 99% (Myers et al. 1997). Fisheries managers’ primary objective is therefore to 
ensure long term sustainable yield and prevent population collapse of present fisheries.  
 In the Baltic Sea, exploitation of the Baltic cod stocks is also monitored by the 
surrounding national governments whom all report to the International Counsel for 
exploitation of the Sea (ICES). Since the 1980’s the Baltic cod have experienced a 
dramatic decline in spawning stock to a level where the stocks can not sustain their 
biomass with the current fishing pressure. Quota on the amount of cod allowed to be 
caught was therefore suggested by ICES and seasonal closure of fishing was enforced in 
2005 and expanded in 2006 (ICES 2008). 
 In order to make correct management decisions it is important to understand the 
population dynamics of the targeted species. Traditionally tagging experiments have 
been used to investigate stock interactions. Coded-wire tags have and are still widely 
used but these approaches are limited by cost, reduced survival of the tagged individual, 
loss of markers and the information that can be obtained is limited to the lifetime of the 
tagged individual (Utter & Ryman 1993). The identification of the genetic structure of 
stocks from e.g. two samples within a management area was simplified by the 
development of polymerase chain reaction (PCR) technology. This enabled rapid 
amplification of DNA from even small amounts of DNA. Genetic technologies have 
been applied and recognized for their usefulness in defining structuring of populations 
and there is no doubt that molecular genetic data has proven very useful in the study of 
fish populations and especially the evolutionary forces responsible for shaping the 
structuring of the populations (Gyllensten 1985; Ward et al. 1994; Waples 1998). The 
Baltic Sea has been subject for many population genetic studies on Atlantic cod (Gadus 
morhua) since the 1960’s (e.g. Sick 1965b). More present studies have identified 
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population structuring on a small scale and maybe also a hybrid zone (Nielsen et al. 
2003). The amount and choice of marker used in a study can have important influence 
on the power to determine the correct genetic relationship among populations (Koskinen 
et al. 2004). Larger sample sizes and higher numbers of markers are therefore desired to 
improve management. This can turn out to be a costly affair because present methods 
are very time consuming. But with technical improvement in sequencing identification 
of and screening with single nucleotide polymorphism (SNP) markers it has become 
relatively cheap to apply in population genomic studies (Morin et al. 2004). SNP 
markers are not as polymorphic as microsatellites therefore more are required. By 
applying more markers a better genome widespread coverage can be achieved and 
possibly revealing more precise, estimates with smaller variance and the ability to 
separate single locus (e.g. selection) from genome wide effects (e.g. migration and 
random genetic drift). 
 The objective of the master’s thesis is therefore i) to test if more precise estimates 
of population differentiation can be identified by applying SNP markers and ultimately 
identify the presence of a hybrid zone in the transition zone between the North Sea and 
Baltic Sea which could not be revealed by analysis conducted with microsatellites 
(Nielsen et al. 2003) and ii) include additional samples to improve the genetic “map” of 
the study area and test for interactions between spawning individuals from different 
populations within the area. Additional samples from the Baltic Sea were supplied by 
from the RESTOCK project that aims to re-stock the Baltic Sea with cod (Støttrup et al. 
2008). The RESTOCK project has collected adult cod for their bloodstock from the 
eastern and western Baltic Sea. Genetic differences between cod population from these 
two locations have been identified (Nielsen et al. 2003). It is therefore important to 
identify the genetic origin of the broodstock to prevent potential loss of local adaptation 
as a result of breeding between the two samples. 
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Population genetics 
A population can be defined from an ecological or an evolutionary perspective. The 
ecological paradigm is largely based on the opportunity for individuals to interact 
demographically whereas the evolutionary paradigm is based on reproductive 
interactions among individuals and thereby based on a more genetic approach. Here I 
define a population as “a group of interbreeding individuals that exist together in time 
and space having a higher probability of reproducing with each other than with 
individuals from other such groups” (Waples & Gaggiotti 2006). Populations of fish are 
often refereed to as "stocks” especially if more than one fishing ground is present in a 
management area. A stock is defined as “an intraspecific group of randomly mating 
individuals with temporal and spatial integrity” (Ihssen 1981). A species can consist of 
a large homogenous population (panmixia) containing all individuals where mating is 
random and potential subpopulations are arbitrary. The other extreme is populations 
consisting of smaller and larger numbers of more independent stocks isolated from 
direct genetic and demographic linkage. Real populations in nature are an intermediate 
between these two structures of populations (Waples & Gaggiotti 2006). Any departure 
from panmixia could be regarded as evidence for the existence of separate populations. 
The level of departure from panmixia is determined by the genetic distance between 
samples. A number of factors determine the genetic level of structuring within and 
among populations. 
 
Evolutionary forces 
Population differentiation is shaped by four evolutionary forces: migration, mutation, 
random genetic drift, and selection. The degree of genetic differentiation among 
populations is shaped by a combination of these four forces. Migration of individuals 
between populations causes gene flow between groups resulting in genetic similarity, 
while at the same time preventing fixation of neutral alleles. One successful migration 
event per generation can sufficiently prevent fixation of alleles (Adkison 1995), but 
more than one migration event per generation is needed to disrupt genetic differentiation 
and adaptation to local environments (Waples 1998). Mutation is the original source of 
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genetic variation within and among populations. Since a mutation, in principle, can 
occur at any site within the genome, mutations may be lethal, recessive lethal, neutral, 
nearly neutral, and/or advantageous (Hedrick 2005). Mutation occurs at a low rate and 
mutation can therefore only shape population differentiation over a very large number 
of generations, i.e. over thousands or even millions of years. In contrast, allelic richness 
can be lowered substantially over one or a few generations if enough individuals from a 
population are removed. Random genetic drift is a stochastic process whereby chance 
alone an allele will be fixed or lost from the population during reproduction from one 
generation to the next. Populations with a small effective population size (Ne, see 
below) are much more likely to be subjected to genetic drift than populations with a 
large Ne, like most marine species, because they are more vulnerable to stochastic 
events (Hedrick 2005). Selection helps fixation of alleles in the population and increase 
allele frequency of favourable alleles that increase fitness in a local environment. If a 
mutation occurs in a gene that increases the relative fitness of that individual compared 
to the average fitness of the population, this gene will be selected for and increase in 
allele frequency and eventually become fixed in the population. This is also referred to 
as a selective sweep (Hedrick 2005). Selection has a much larger effect in large 
populations because selection here is less counteracted by random genetic drift which 
dominates in small populations (Crow & Kimura 1970). The structuring of genetic 
differentiation between populations is therefore a complex interaction between these 
four evolutionary forces. 
 
Effective population size 
The effective size of a population (Ne) can be described as “the size of an ideal 
population with the same rate of genetic change as the population in question” (Wright 
1931). In conservation biology it is particularly necessary to know Ne since the genetic 
consequences of small population size depend on Ne rather than on census population 
size (N). If N is large but only a small proportion, or number of spawners, are successful 
then the amount of genetic variation passed on to the next generation is equally small. 
N, therefore, does not reflect the genetic variation within the population. From Ne it is 
possible to determine the level of inbreeding and the amount of genetic variation lost 
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from the population due to random genetic drift, the latter being important when 
estimating the genetic state of the population under investigation.  
 In conservation genetics minimum sizes of Ne necessary to avoid inbreeding and 
to secure long term evolutionary potential in populations under conservation 
management (e.g. supportive breeding) have been proposed. An effective population 
size (Ne) of 50 has been suggested as being large enough to avoid inbreeding within a 
population for a few generations (but not more than that) whereas an Ne of 500 is 
enough to secure the evolutionary potential within the population. With an Ne above 
500 the population is large enough to allow selection, rather than random genetic drift, 
to be the evolutionary force shaping the genetic structure of the population (Franklin 
1980). This “50-500” rule should be regarded a rough guideline. It has been questioned 
whether a Ne of 500 is sufficient to sustain enough genetic variation required for 
adaptation to a changing environment or whether 5000 is a more appropriate number 
(Franklin & Frankham 1998). With the current knowledge of conservation genetics a Ne 
of 500-1000 seems sufficient to maintain the evolutionary potential in the population 
(Franklin & Frankham 1998). 
 
Statistical tests for genetic divergence within and among populations 
The ability to determine whether or not the members of a species in a geographical 
region is homogenous (i.e. belongs to the same population) or, made up by two or more 
genetically isolated sub-populations, is vital for conservation and management of 
species. By sampling supposedly genetically differentiated groups of the same species 
(e.g. subpopulations) and analysing their genetic composition with the use of molecular 
markers (e.g. microsatellites) it is possible to obtain the allele frequencies of each 
sample. These can subsequently be used to test if the two samples are related or consist 
of statistically different combinations of allele frequencies. The prediction of expected 
genotype frequencies, from the knowledge of allele frequencies, is determined by the 
mating pattern of the species. The simplest mating pattern assumes that there are two 
sexes, that the population is made up by sexually mature individuals, and that mating 
between females and males are equal (i.e. 1:1). They are then referred to as a “group in 
which the probability of a mating between individuals of particular genotype or 
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phenotype is equal to the product of the frequency of the genotype in the population” or 
simply a random mating population (Hedrick 2005). Furthermore, the population must 
be large (Ne > 500) and no mutation, migration, or selection must occur. Under these 
assumptions, the allele and genotype frequencies are held at constant, referred to as the 
Hardy-Weinberg equilibrium (HWE) after the English mathematician Godfrey Hardy 
and German physician Wilhelm Weinberg (Hardy 1908; Weinberg 1908). From HWE, 
it is possible to calculate and predict allele frequencies explained by a simple 2-allele 
(A1 and A2) model. Allele A1 and A2 with frequencies p and q, respectively, exist in a 
population, the probability that an A1 gamete joins with an A1 gamete to produce the 
zygote A1A1 is 2ppp =× and the probability of an A2 gamete joining with an A2 
gamete to produce the zygote A2A2 is 2qqq =× . There are two ways that a 
heterozygote can be produced (A1A2 or A2A1) and the probability of joining an A1 
gamete with an A2 gamete is therefore pqqp 22 =×× . The expected frequencies of 
A1A1, A1A2, and A2A2 zygotes are p2, 2pq, and q2. These are also referred to as the 
Hardy-Weinberg equilibrium genotype frequencies (Frankham et al. 2002). When 
knowing the frequency of one gamete it is possible to calculate the other because they 
always sum up to one e.g. p + q = 1 so if q is 0.90 then p is 1 – 0.90 = 0.10. In the 
absence of factors that can change the allele frequencies (e.g. mutation, selection, gene 
flow and random genetic drift) and with random mating over generations the Hardy-
Weinberg genotype frequencies will not change. This is known as the Hardy-Weinberg 
principle. 
 However, the assumptions are violated in most natural populations. When 
considering very large populations with Ne ranging in the thousands, the effect of 
mutation, selection, gene flow, and random genetic drift are often small and the 
difference between theoretical and observed frequencies does therefore not differ 
substantially, but by chance these frequencies can be different. Calculation of goodness-
of-fit between the observed and expected allele frequencies can help determine if an 
observed difference in the frequencies is unlikely to be caused by chance alone. A chi-
squared test (χ2) can be used to test this: 
 
( )
∑=
expected
expcted-observed 22χ  
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By assessing the probability (p) of having calculated a χ2 value that is greater then 
obtained by chance, it is possible to see if the frequency differences are statistically 
significant. The probability is found by calculating the degrees of freedom for the χ2 
value by taking the number of classes of data minus the number of parameters from the 
data minus 1. From statistical tables under the appropriate degrees of freedom the 
probability of χ2 value can be found. If this probability is within the 95% confidence 
interval, or smaller, then the frequency deviation was not caused by chance alone and a 
difference in allele frequency between observed and expected HWE has been found. 
Changes in frequency and deviations from HWE can be caused by a number of factors 
such as inbreeding, which should normally lead to an increase of homozygotes, null 
alleles, selection and/or Wahlund effect. The Wahlund effect is the observation of 
reduced average heterozygosity (observation of more homozygotes than expected by 
HWE) when fragmented populations are pooled or mixed e.g. in hybrid zones (Wahlund 
1928). By testing for HWE it is therefore possible to get an estimate of the state of the 
population but it is often not possible to directly see which of these factors are causing 
deviation from HWE. 
 Genetic differentiation within and among divergent populations was defined by 
Sewall Wright (1951) and can be calculated by F statistics (Wright 1951). Wright 
introduced three different F coefficients: FST, FIT, and FIS. These three F coefficients are 
interrelated so they give: 
 
IS
ISIT
ST F
FF
F
−
−
=
1
 
FST is the genetic divergence between sub-populations, FIT is the deviation from HWE 
in the total population and FIS is the deviation from HWE within subpopulations. Since 
Wright introduced these three F coefficients new methods to estimate FST from genetic 
markers (e.g. microsatellites) has been developed. Nei (1987) determined FST based on 
heterozygosity in the population: 
)(1 TSST HHF −−=  
HT is the expected heterozygosity for the total population and HS is the expected 
heterozygosity averaged across all subpopulations (Nei 1987). Nei’s FST proved to be 
very conservative so a more complicated method for estimating FST was developed by 
Weir & Cockerham (1984). This method is based on fewer assumptions, and performs 
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better under different conditions (Weir & Cockerham 1984). Values of FST range 
between 0 and 1 with 0 being equal to no differentiation between sub-populations e.g. 
due to large gene flow and, 1 being total isolation between populations, e.g. if the 
populations have been isolated from one another over infinite generations and no 
migration occurs.  
 
Molecular markers 
Since the dawn of population genetics several different molecular markers have been 
developed because no individual marker is ideal for all applications and for 
investigating different aspects of population genetics. The mutation rate for the section 
of DNA analysed by a molecular marker is important.  Markers with high mutation rates 
are useful for detection of genetic divergence over short evolutionary time scales 
whereas analyses of divergence between lineages low mutation rates are more 
informative. Historically different markers have been used following technical advances 
made in molecular biology leading to improvement in the quality of the results that 
could be obtained. 
 
Allozymes 
Allozymes are expressed proteins that are present in the tissue. From basic molecular 
biology we know that genes are coding regions (exons) within the DNA sequence. 
Mutations that result in a base change in the mRNA sequence can cause an amino acid 
change in the protein coded by the mRNA (Avise 2004). By changing an amino acid in 
the protein it is possible to change the overall net charge of the protein since 20 of the 
known amino acids are charged. It is this difference in charge between individuals or 
populations that is compared when the proteins are analyzed by protein electrophoresis. 
Allozyme markers have a low level of information and only expressed genes are 
identified. Allozymes cannot be assumed to be neutral, but likely subjected to positive 
or directional selection (see Lewontin 1991). 
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Mitochondrial DNA (mtDNA) 
MtDNA has a ten times higher mutation rate than nuclear DNA and is therefore highly 
variable. For detection of population divergence the main focus has been on sequencing 
and comparison of sequence in the control region (D-loop) and cytochrome b. The 
control region is highly variable making it suitable for analysis of divergence within a 
relative short time frame whereas the cytochrome b sequence is highly conserved 
making it ideal for analysis of e.g. phylogenetic species divergence. Because mtDNA is 
haploid and maternally inherited the Ne only represents ¼ compared to nuclear DNA 
making mtDNA more subjected to drift (Birky et al. 1983, 1989). 
 
Microsatellites 
Microsatellites (also known as Single Sequence Repeats (SSR)) are tandem repeats (or 
motifs) of short nucleotide sequences typically 1-5 bases long (e.g. (CTG)4 or 
CTGCTGCTGCTG). They are subjected to high levels of mutation rates (µ) in the 
range of 10-5 to 10-2 (mutations per generation), depending on the organism and size of 
the motif (Jarne & Lagoda 1996; DeWoody & Avise 2000). Microsatellites are analysed 
by PCR amplification of the motif by flanking primers. By applying fluorescently 
labelled primers the sizes of the PCR fragments are determined by gel electrophoresis 
using automated DNA sequencing machines. The high mutation rates of microsatellites 
may result in multiple alleles at an individual locus making microsatellites highly 
informative even in relative low numbers compared to other genetic markers. If 
mutation in the primer binding site occurs, amplification of the motif is not possible and 
referred to as null alleles that cause heterozygotes to appear as false homozygotes or no 
amplification of the loci. Since microsatellites are generally believed to be positioned in 
the non coding region of the chromosome, they are expected to be under neutral 
selection and due to their Mendelian inheritance the allele frequencies are expected to 
be in HWE. The high mutation rate of microsatellites makes it possible for two 
populations to contain the same allele derived from two different mutations. This is 
referred to as homoplasy and results in false inferred levels of relatedness and may 
therefore not give an exact picture of the genetic differences between two populations 
(Estoup et al. 2002). 
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Single nucleotide polymorphism (SNP) 
SNPs are polymorphic base difference at a single site in the genome sequence caused by 
a point mutation or indels (reviewed in Morin et al. 2004). SNPs are widely distributed 
throughout the genome. On average an SNP can be located for every 200 to 500 bases. 
SNPs can be identified by e.g. comparison of sequences from a number of different 
individuals. If SNPs are only identified from one sample and used for screening of 
multiple samples the data might be biased because the markers do not represent the 
same level of polymorphism in all samples and will therefore not reveal the true 
representation of genetic difference within and among samples. Ascertainment bias in 
allele frequencies can be minimised by developing SNP markers based on large 
numbers of individuals from all samples in the study (reviewed in Morin et al. 2004). 
Generally when comparing individual markers SNPs have a lower “information” level 
than e.g. microsatellites because SNPs only have a mutation rate of 10-8 to 10-9 
(mutations per generation), thus making them less likely to be biased by homoplasy. 
SNPs normally only represent two alleles resulting in lower information levels 
compared to more variable markers. Higher numbers of SNPs are therefore needed 
when compared to microsatellites (e.g 4-6 SNPs to 1 microsatellite) in order to obtain 
the same level of information (reviewed in Morin et al. 2004). This ratio difference 
gives SNPs the advantage of a more representative sampling of the entire genome. By 
applying more loci it is more likely to identify loci subjected to selection (outlier loci) 
and thereby identify areas possibly subjected to selection in the genome. SNPs can be 
divided in to non-coding and coding markers according to their position in the genome. 
The non-coding can be used for demographic studies according to the neutral theory and 
the HWE principles. SNPs linked to, or positioned in, genes under selection carry the 
potential to provide better understanding of adaptive variation within the population 
potentially influenced by changing environmental conditions (reviewed in Morin et al. 
2004).  
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Linkage between loci 
The application of molecular markers is of vital importance for the understanding of 
genetic interactions within and among populations. In a random mating population the 
distribution of genetic variation at a locus is said to be at linkage equilibrium when the 
allele frequency at one locus is independent of allele frequencies at a different locus. 
Genetic variation of a locus does not only depend on evolutionary processes at the locus 
itself but also on processes occurring at other loci on the same chromosome; i.e. they 
are physically linked. In a random mating population physical linkage between loci is 
broken down by recombination during the meiosis. The rate of decay is dependent on 
the recombination rate and distance between loci (Hedrick 2005). In non-random mating 
populations the combination of some alleles may occur more or less frequent than 
would be expected compared to random formation of alleles. This is known as linkage 
disequilibrium and is influenced by a number of factors. These include physical linkage, 
selection, mutation, random genetic drift and mixing of populations. In relation to 
natural selection, advantageous gene variants in a region of the genome will increase 
allele frequency for all genes in the region not just the gene selected for. This is also 
known as hitchhiking selection (Hedrick 2005). Physically linked loci do not behave 
independently from one another and may therefore not be in HWE. Many methods are 
based on linkage equilibrium for determining population structure (e.g. STRUCTURE 
2.2; Pritchard et al. 2000) and physical linkage can therefore provide incorrect results. If 
molecular markers are linked to genes subject to diversifying selection, these molecular 
markers can dominate the information obtained from the remaining molecular markers, 
resulting in elevated levels of genetic differentiation between populations (Nielsen et al. 
2006). When unlinked markers only subject to neutral evolutionary forces are applied, 
they represent a great tool for studies of demographic processes like gene flow and 
genetic drift within and among populations. 
 
Mutation models 
Three models have been developed to understand the effect of different forms of 
mutations on the level of population divergence. These three models all assumes that 
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new genetic variation in a population, in the form of alleles, is caused by mutation. The 
interaction of the four evolutionary forces can be used to predict relationship between 
populations. The more alleles that are present in the population the more new variation 
can arise through mutation, but more alleles are also subject to be lost due to random 
genetic drift. Equilibrium between these two evolutionary forces is refereed to as the 
infinite alleles model (IAM)(Kimura & Crow 1964). This model assumes that all 
mutations result in a new and unique allele. A more conservative model was developed 
to suite data obtained by microsatellites and allozymes; the stepwise-mutation model 
(SMM)(Ohta & Kimura 1973; Ellegren 2004). In the SMM, mutations result in deletion 
or insertion of a repeat in a motif. Mutation may therefore produce alleles already 
present in the population (homoplasy) because the mutation changes the size of the 
motif rather than creating a new and unique allele. The SSM is biased because it dos not 
account for the fact that mutation may result in more than one insertion or deletion of a 
repeat motif. Because mutation in microsatellite loci does not completely follow IAM 
and SMM, a third model was proposed; the two-phase model (TPM). The TPM 
recognise that mutations can change motifs in single- and larger steps (Dirienzo et al. 
1994). 
 Because all of the above models are based on mutation it is important to take into 
account the mutation rate in the genetic markers used. Microsatellites with their high 
mutation rates produce high levels of information when only applying a few markers, 
but this also biases the result because of potential homoplasy. SNP markers, on the 
other hand, have low mutation rates and normally only yield two alleles. They are 
therefore expected to produce more unbiased results. Lower mutation rate, however, 
also means that longer divergence time is needed for detection of divergence between 
populations. This problem can partly be avoided by applying more SNPs. 
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Genetic population structure in marine fishes 
When populations or sub-populations are isolated they can diverge genetically from one 
another as a consequence of the interaction between the evolutionary forces of random 
genetic drift, mutation and selection as long as gene flow between populations is 
limited. The amount of genetic difference between populations can be measured by 
analysing samples taken from the populations using genetic markers such as 
microsatellites and SNPs. Genetic differentiation within and among populations is 
measured by a FST value ranging from 1 (total isolation) to 0 (total panmixia) and any 
deviation from panmixia might be considered a separation between populations based 
on the life history of the organism under study (see Ward et al. 1994; Waples 1998). 
 The discovery of molecular markers has proven a tremendous advance in 
identifying and understanding the genetic structuring of populations in the marine 
environment. Historically, allozymes (Sick 1961, 1965a, 1965b; Frydenberg et al. 1965) 
and mtDNA have been used to identify genetic structuring within and among 
populations of marine fishes (Dahle 1991; Árnason 2004). With the discovery of highly 
variable markers as microsatellites (Waples 1998; DeWoody & Avise 2000) and SNPs 
(Laikre et al. 2005), population structure of much higher resolution and statistical power 
has been found. These markers are generally expected to be positioned in non-coding 
regions of the genome and thereby not be influenced by directional selection, but by 
neutrality, thereby reflecting the evolutionary processes of mutation, random genetic 
drift and gene flow (migration). These advantages make the study of genetic population 
structure and reproductive relationships possible. Markers can be subjected to selection 
if they are linked to genes under selection, known as hitchhiking selection, resulting in a 
higher genetic differentiation compared to neutral markers (Storz 2005). Testing for 
selective neutrality among markers is therefore important before assuming neutrality. 
 Marine fishes are characterized by high fecundity, large dispersal range, pelagic 
eggs and larvae, and large population sizes (large Ne)(Nielsen & Kenchington 2001). 
Genetic population structure in marine fishes has been studied for almost half a century 
with the markers listed above. Ward et al. (1994) and Waples (1998) showed that 
marine fishes have lower levels of genetic differentiation ( 02.0=STF ) compared to 
anadromous (0.081) and freshwater (0.122) fishes (Ward et al. 1994; Waples 1998). 
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Low but statistical significant genetic differentiation has however been found for a 
number of marine fishes such as Atlantic cod (Gadus morhua; Nielsen et al. 2003, 
2005; Poulsen et al. 2006), Atlantic herring (Clupea harengus; Bekkevold et al. 2005), 
plaice (Pleuronectes platessa; Hoarau et al. 2002) and European flounder (Platichthys 
flesus; Hemmer-Hansen et al. 2007b). 
 Oceanographic barriers in the form of physical barriers are often not present in the 
marine environment. Instead geographical distance, depth, and patchy distribution of 
suitable habitat have been shown to structure populations genetically. Population 
differentiation due to reproductive isolation is primarily caused by isolation by distance 
i.e. in situations where the geographical distance between two populations exceeds 
migration distance. Sub-structuring of marine fish populations can also be caused by 
other dispersal, barriers than distance i.e. depth, temperature or the presence of a salinity 
gradient (Grant & Bowen 1998). Geographical distance, on a global scale, have been 
shown to structure populations of Atlantic cod between different Seas based on isolation 
by distance (Pogson 2001; Nielsen et al. 2003). On a smaller macro-geographic scale 
structuring between banks and inshore coastal zones and by separation of deep water 
has been found (Ruzzante et al. 1997, 1998; Pogson 2001). Isolation by distance can 
also be caused by limited dispersal due to patchy distribution of suitable habitats 
(Riginos & Nachman 2001) whereas reproductive isolation on a small geographical 
scale is believed to be prevented by mixing of eggs and juveniles because of passive 
transport by wind and ocean currents (Hinrichsen et al. 2001; Knutsen et al. 2003). 
Genetic differentiation on a micro-geographic scale has been identified for Atlantic cod 
(Nielsen et al. 2003, 2005; Knutsen et al. 2003; Case et al. 2005) and European 
flounder (Hemmer-Hansen et al. 2007a) using newly developed molecular markers with 
high variability. 
 
Adaptation to local environments 
Genetic structuring within and among populations of a species is not only dependent on 
the physical barriers separating different stocks by means of reproductive isolation 
alone, but also environmental barriers such as salinity and temperature. For genetic 
structure to arise, it is believed that random genetic drift has to prevail over gene flow 
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(migration (m)) from neighbouring populations. Structuring in the form of local 
adaptation can only exist if selection (s) on traits with higher fitness is larger than 
random genetic drift (s>1/4Ne; Endler 1986; Elo 1993) and gene flow among  
populations  (m/s<1; Haldane 1930). The interaction between these evolutionary forces 
gives rise to phenotypic variation, which is important for the ability of a species to adapt 
to the local environments, when distributed over a large heterogeneous environment. 
The ability for a population to genetically adapt to a changing environment is based on 
the amount of genetic variation within the population. Selection increases the frequency 
of advantageous alleles within the population. Selection therefore has more to “work” 
with in the population with a higher allelic richness (Haldane 1930). It is unlikely that 
only one phenotypic trait is involved in higher levels of fitness over a range of different 
environments (Via et al. 1995). Identification of the factors causing selection is 
therefore important in understanding a species capability to adapt. Potential forces 
causing differences in phenotypic variation between populations of the same species can 
be environmental, genetically, or both (e.g. phenotypic ×  environmental 
interactions)(e.g. Conover et al. 2006). One way to differentiate between these forces is 
by conducting a common garden experiment between two or more samples distributed 
over an e.g. latitudinal range. In a common garden experiment the environmental 
parameters can be controlled for because all sampled individuals are kept under similar 
environmental conditions at the same time. Differences in phenotypic responses to a 
similar environment are most likely based on genetic differences due selective 
differences between local environments. An organism’s ability to adapt to a new or a 
changing environment can occur by plastic response (i.e. short term response) or, 
genetically through evolution (long term response). Phenotypic plasticity is the ability 
of an organism, with a given genotype, to react to changes in the environment. A plastic 
response could be to swim away or produce heat shock proteins (Pigliucci et al. 2006 
and references therein). A genetic response is evolutionary in the sense that phenotypic 
traits with an additive genetic basis may be subjected to positive natural selection 
leading to fixation, thereby increasing the overall fitness of the population (Conover et 
al. 2006). Better understanding of the evolutionary forces shaping populations can be 
achieved by comparing data from neutral markers and markers linked to genes known to 
be under selection. Direct interpretation of the results is however not straight forward 
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and may lead to wrong interpretation of the data (Merilä & Crnokrak 2001; Mckay & 
Latta 2002). 
 
Local adaptation in marine fishes 
Adaptation to local environments along a latitudinal gradient has been documented for a 
number of marine fish species. Species distributed over a latitudinal gradient might be 
subjected to differences in temperature, variation in season length and variation in ocean 
currents. Species in the Northern Hemisphere are subjected to a shorter growth season 
and lower mean temperatures compared to more southern populations. These 
environmental differences have caused Northern populations to e.g. evolve faster 
growth at lower temperatures through genetic adaptation compared to more southern 
populations (Salvanes et al. 2004). Accelerated growth over a latitudinal gradient has 
been found for Atlantic halibut (Hippoglossus hippoglossus; Jonassen et al. 2000), 
turbot (Scophthalmus maximus; Imsland et al. 2000, 2001), Atlantic cod (Gadus 
morhua; Salvanes et al. 2004), Atlantic silverside (Menidia menidia; Conover 1998) 
and common Killifish (Fundulus hertroclitus; Schulte 2007) and is caused by local 
adaptation to shorter growth season at lower mean temperatures when compared to 
more southern populations. Temperature has been shown to cause difference in body 
shape between populations of Atlantic cod in the north-western Atlantic when reared 
under a common environment (Marcil et al. 2006). Difference in spawning time for four 
different populations of cod along the coast of Norway (latitudinal gradient) was 
identified from common garden experiments. The difference in spawning time was 
temporally stable, between sampling years, and therefore most likely genetic adaptation 
(Otterå et al. 2006). These findings show that environmental factors influence more 
than one phenotypic trait, thereby showing the importance of separating environmental 
and genetic components by common garden experiments. 
 Fisheries induced selection due to harvesting can also influence the phenotypic 
composition of populations because it is selective with respect to phenotypic traits as 
e.g. fast growth and late maturation (harvesting of the largest individuals). Selection 
influenced by fishing has been found to affect life-history traits in Atlantic cod where 
selective removal of the largest individuals from the population have led to maturation 
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at lower age and a decline in growth rate (Law 2000; Olsen et al. 2004; Swain et al. 
2007). 
 
Hybridization 
Interaction between two distinct subpopulations and also possibly between two different 
species can result in hybrid offspring. Hybrid populations are often of interest because 
they are positioned between two or more surrounding populations or species. These 
hybrid populations might undergo rapid genetic change based on the genetic input from 
the surrounding populations (Hedrick 2005). Hybrid zones can be created by 
anthropogenic or natural causes. Habitat destruction and introduction of new species or 
individuals from genetically distinct subpopulations can result in interbreeding between 
introduced individuals and the natives resulting in disruption of locally adapted gene 
complexes and thereby lowering of fitness for the native individuals. This is refereed to 
as outbreeding depression since fitness of the native population is lowered. Natural 
hybrid zones can exists in the transition zone between two populations. Here the 
parental populations are maintained through sexual selection and by natural selection 
associated with environmental differences between populations (Allendorf et al. 2001). 
Two models have been proposed to explain the maintenance of population structure in a 
hybrid zone. The first model “mechanical mixing” assumes a dispersal/selection model 
where “pure” parental individuals migrate into the transition zone between the two 
populations and hybrids are selected against (Barton & Hewitt 1985). The second model 
“hybrid swarm” assumes that hybrids in the hybrid zone are more fit than their parental 
populations (Moore 1977). Because hybrids are a median of the genetic components of 
the parental populations, hybrid zones have been termed windows on evolutionary 
processes (Harrison 1990). Genetic studies trying to differentiate between these two 
models are important, because they may help to identify genetic structuring within and 
among populations suspected to be separated by a hybrid zone. 
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Atlantic cod (Gadus morhua) 
The Atlantic cod is found over most of the northern hemisphere from the Northwest to 
the Northeast Atlantic in water temperatures ranging from nearly 0o C to 20o C (Cohen 
et al. 1990). Atlantic cod is classified as a fish species with high fecundity, being 
capable of conducting long spawning migrations, having pelagic eggs and larvae, and 
which spawns in batches (Bagge et al. 1994). In the Baltic Sea two distinct stocks of 
Atlantic cod have been identified and since 2005 ICES regard these stocks as being 
genetically different and recommend separate management of the eastern and western 
Baltic Sea cod stock (ICES 2008). 
 
The western cod stock is located from the southernmost part of the Kattegat to the west 
of Bornholm (ICES subdivisions (SD) 22-24; see Fig. 1). Spawning grounds are found 
in the Danish Straits, Kiel Bay, Fehmarn Belt, Mecklenburg Bay, and of minor 
importance in the Arkona Basin. The spawning season ranges from February to May 
(Bagge et al. 1994). In the middle of the 1980’s the spawning stock biomass (SSB) was 
estimated to be 56 000 tons, but the stock declined dramatically (by ca 80%) in the 
1990’s (ICES 2008). Since then, the stock very slowly increased and today it is 
Figure 1 
Map of the surrounding Seas around Denmark including spawning grounds 
(black areas) in ICES subquadrants 22) Belt Sea, 23) Danish strait, 24) 
Mecklenburg Bay (west) and Arkona basin (east) and 25) Bornholm basin. 
After Bagge & Thurow 1993. 
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estimated to be about 23 000 tons, which is assumed to represent the minimum level of 
mature fish needed for the stock to be self sustainable (ICES 2008).  
 The eastern cod stock is found from the east of Bornholm and North towards 63o 
N (ICES SD 25-32; see Fig. 1 (only SD 25 is shown)). The eastern stock spawns in the 
deeper waters of the Bornholm basin, the Gdansk deep and the Gotland basin (Bagge et 
al. 1994) where spawning takes place from May to July/August (Bleil & Oeberst 1997). 
Due to the lack of sufficient inflow of highly saline and oxygenated water, spawning is 
primarily restricted to the Bornholm basin since egg survival depends on oxygen 
concentrations in the deep saline water layer below the halocline where the eggs are 
naturally buoyant. The eastern stock is considerably bigger than the western stock. In 
the early 1980’s it reached its highest estimated SSB of around 650 000 tons. Since then 
poor recruitment, due to unfavourable oceanographic conditions, increased bottom 
trawling and the introduction of gill netting has resulted in a dramatic decline of the 
estimated SSB to about 160 000 tones. ICES have earlier recommended that the SSB 
should be at least 240 000 tons in order for the stock to be within its biological safety 
limits (ICES 2008). 
 
The Baltic Sea 
The Baltic Sea is a large estuary with an average depth of 54 m and a maximum depth 
of 459 m. The Baltic is limited towards the Danish straits by the narrow sills only 
reaching 8-15 m in depth. The sills make water exchange very restricted. The Baltic Sea 
has a high inflow of freshwater from the surrounding countries and a limited inflow of 
saltwater from the North Sea. This results in a stratification of the water layers, with an 
upper layer consisting of brackish water (salinity of 7-8 psu) and a lower saline layer 
with a salinity of 11-13 psu. This permanent halocline restricts mixing of surface and 
bottom water. Reduced mixing results in low levels of oxygen in the bottom layer due 
to aerobic metabolism and decomposition of organic matter. From spring to autumn a 
thermocline develops due to heating of surface water (Brander 2005). The environment 
in the Baltic Sea depend on inflow of oxygen rich saline water from the North Sea, but 
this is a rare phenomenon because of the meteorological and oceanographic conditions 
necessary to generate these inflows. Only large inflows (100-250 km3 of water) 
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penetrate all the way to the Baltic proper (Matthaus & Franck 1992; Schinke & 
Matthaus 1998). Many of the smaller inflows are prevented from entering the Baltic 
proper because the penetrating water is mixed with the ambient water at the entrance to 
the central Baltic (Witt & Matthaus 2001). The Baltic Sea is an ecologically marginal 
environment where inhabiting species are supposed to experience extreme selection 
regimes. These sub-populations of species have evolved to be substantially different 
compared to populations of the same species from the Atlantic and North Sea due to 
isolation, bottlenecks and selection on adaptive traits. Lower species richness can be 
found in the Baltic Sea as compared to the North Sea indicating that species that inhabit 
the Baltic Sea had to adapt genetically to the brackish environment in order to survive. 
Species in the Baltic Sea are therefore highly vulnerable to extinctions and because they 
are evolutionary adapted to this extreme environment it is not likely that a fast 
recolonization from the North Sea is possible (Johannesson & André 2006). Many of 
the species inhabiting the Baltic Sea are living at the edge of their physiological 
existence range. 
 
Population structure of Atlantic cod 
Atlantic cod is one of the most important commercial fish species in the northern 
Hemisphere and was therefore one of the first to be targeted for population genetic 
studies. Sick (1961) was one of the first to look at genetic population structure in cod 
and found genetic differences between the major basins using the allozyme 
haemoglobin as molecular marker (Sick 1961, 1965a, 1965b). With the development of 
mtDNA and nuclear markers a linear increase in genetic differentiation with increasing 
distance between sample sites was found (Mork et al. 1985) and later confirmed by 
mitochondrial DNA sequence variation (Árnason 2004). With further development of 
sequencing and hyper-variable markers such as microsatellites, a higher degree of 
resolution of population structure were found on a macro-geographic scale between 
oceans (O'Leary et al. 2007), for the north-western Atlantic (Ruzzante et al. 1997, 1998) 
and the north-eastern Atlantic cod populations (Pogson 2001; Case et al. 2005). With 
increasing numbers of microsatellites being discovered and applied resolution of the 
data led to the identification of micro-scale structuring of populations (e.g. Case et al. 
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2005). Significant difference between five samples over a sampling distance of as little 
as 79 km was identified along the southern coast of Norway towards Kattegat (Jorde et 
al. 2007) despite supposed passive transport of pelagic eggs and larvae by ocean 
currents (Knutsen et al. 2003). Obvious reasons for structuring over such short distances 
was not identified but local topography was proposed as a likely cause (Jorde et al. 
2007). These findings emphasise the need to focus more on identifying structuring of 
local populations in order to improve management. 
 The extreme marine environment of the Baltic Sea with its connection to the 
North Sea through the narrow and shallow sills of the Danish straight (SD 23; Fig 1) 
and Belts Sea (SD 22; Fig. 1) makes this area an ideal place to study local population 
structure and adaptation to local environments. Limited inflow of highly saline water 
from the North Sea and large contributions of freshwater from the countries surrounding 
the Baltic Sea, have resulted in the existence of a salinity gradient. Evidence of 
population structure for a variety of different species such as Atlantic cod (Nielsen et al. 
2003, 2005; Poulsen et al. 2006; Manuscript I), turbot (Scophthalmus maximus; Nielsen 
et al. 2004; Hemmer-Hansen et al. 2007a, 2007b) and Atlantic herring (Bekkevold et al. 
2005) have been found along and within this relatively geographically short salinity 
gradient. One of these studies identified the presence of a possible hybrid zone for cod 
in the western Baltic from a sample taken in the Arkona basin. It was not possible to 
statistically determine if the hybrid zone was explained by a model of mixing of “pure” 
individuals from surrounding populations or by a hybrid swarm model (Nielsen et al. 
2003). By reanalysing samples with SNP markers it was however possible to exclude 
the model of mixing of “pure” individuals from surrounding populations (Manuscript I).  
 Evidence of genetic adaptation to the brackish environment of the Baltic Sea has 
also been identified. Thus, Nissling & Westin (1997) found that the neutral egg 
buoyancy of cod from the Baltic Sea differed from that of cod from the Belt Sea (14.5 ± 
1.2 psu and 20 to 22 psu, respectively). Similar differences were found when comparing 
spermatozoa activation of the two populations (≥ 11 to 12 psu and ≥ 15 to 16 psu, 
respectively). Translocation experiments, transferring cod from marine to more brackish 
environments and visa versa showed that these characteristics did not change 
significantly indicating population specific traits for spawning in the Baltic Sea 
(Nissling & Westin 1997). Change in salinity requirements for the eastern Baltic cod is 
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not the only change recorded in literature. A shift in peak spawning time was identified 
from May-June in the 1970’s and 1980’s to July-August in the 1990’s (Wieland et al. 
2000). Fisheries induced selection, i.e. through the removal of larger individuals, is 
suggested as the main reason for the observed change in peak spawning time because 
larger individuals typically spawn earlier than smaller (and younger) individuals (Bleil 
& Oeberst 1997). This shift in peak spawning time has not been recorded for the 
western Baltic cod where spawning takes place in February-March (Bagge et al. 1994; 
Brander 2005). Fisheries induced selection has been shown to influence other life 
history traits in cod as well and might be one of the causes for this shift in peak 
spawning time. A shift in spawning time has also been identified for herring in the 
Baltic Sea (Jørgensen et al. 2005a, 2005b, 2008). The observed shifts in spawning time 
may serve to increase differences in population structure by allowing for (temporal) 
reproductive isolation at some degree. When looking at spawning places used by the 
western and eastern Baltic cod it is, however, hard to see how reproductive isolation 
may exist even with temporal difference in peak spawning time. Observations of 
spawning cod in the Arkona basin (figure 1) in August have been reported (Nissling & 
Westin 1997). Genetic analysis of spawning cod sampled at this location in August 
proved to mainly consist of eastern Baltic cod (Manuscript II). 
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Main findings 
The objective of this study was to collect and analyse genetic structure of new and old 
samples of cod from the eastern and western Baltic Sea by using SNP and microsatellite 
markers. This was done in order to compare the level of information of the data 
obtained for different molecular markers. The possibility of acquiring better data might 
also improve management through better understanding of the population structure of 
the two stocks. 
 
Genetic analysis of population structuring of the samples included in this study revealed 
a significant genetic difference between samples from different geographical regions. 
Most noticeable was the clustering of the samples from Mecklenburg Bay in the western 
Baltic and the Belt Sea and, their genetic differentiation to samples from the Arkona 
basin and eastern Baltic (see Table 2 and Fig. 2 in Manuscript II). These findings 
strongly suggests a possible boarder for the dispersal range between the eastern and 
western stocks and possibly identifying Mecklenburg Bay as the most easterly spawning 
ground. This could also indicate that the western stock mainly has its distribution range 
within the Belt Sea at present. 
 
The application of SNP markers for reanalysing a previously analysed sample from the 
Arkona basin revealed what Nielsen et al. (2003) could not prove statistically. I found 
the presence of a hybrid zone explained by a hybrid swarm model in the western Baltic 
(Manuscript I). The identification of pure hybrids and not identification of a group of 
intermixed individuals from flanking populations is important because hybridisation 
may lead to extinction of plant and animal populations (Rhymer & Simberloff 1996). 
Hybrids therefore pose as a potential threat to the genetic composition responsible for 
local adaptation to the brackish Baltic Sea for the eastern stock. Hybrids could also be 
harmless if they represent a natural hybrid zone with no assortative mating between the 
two neighbouring stocks and the hybrids (Allendorf et al. 2001).  
 
Additional interest was directed to the Arkona basin due to observations of the presence 
of cod spawning in August in 1995 by Nissling & Westin 1997. The possibility of 
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identifying the presence of eastern Baltic cod spawning in the Arkona basin could raise 
the question of temporal difference in spawning of the two stocks in the Arkona basin. 
Genetic analyses proved that the sampled individuals belonged to the eastern stock with 
greater affinity than to any other of the analysed samples (Manuscript II). This clearly 
proves that the eastern Baltic cod or a proportion of the stock uses the Arkona basin as 
spawning ground. Further sampling in February-March may clarify if the western stock 
uses the Arkona basin as spawning ground by identifying the presence of mature cod 
from the western stock. This would indicate that the difference of genetic structuring is 
partly managed by sympatric spawning. This finding proves as a major importance for 
correct management of especially the western stock since assessment of population 
(stock) is based on sampling of adult cod. If spawning individuals from the eastern 
Baltic are included in assessment calculations for the western stock overestimates of 
stock size could result in incorrect recommendation of quota size and hence 
overharvesting without knowing it. Measurements of oxygen concentrations could be 
included in future studies to test if cod are spawning in the Arkona basin because of 
unsuitable spawning conditions in the Baltic basin. Difference in spawning location has 
been found from year to year for eastern Baltic cod but the reasons for these 
observations are unknown (Aro 1989). Natal homing could also be the causes for this 
observation possibly because the spawning individuals they themselves are spawned in 
the Arkona basin but this is difficult to identify (McQuinn 1997). 
 
It is important to know the effective population size (Ne) if one is to understand how the 
population under study is loosing or gaining genetic variation due to random genetic 
drift. Ne therefore pose as an indicator of the natural population’s ability to adapt to 
future environmental changes (Franklin 1980). A Ne of about 1500 has been suggested 
for the eastern Baltic cod stock based on two temporally separated samples from 1928 
and 1997 (Poulsen et al. 2006). I was unable to find a similar Ne, most likely biased by 
the short temporal difference between samples (1997 and 2007). This shows that a 
divergence time equal to 2.5 generations (assuming an average generation length of 4.10 
years) is not enough to calculate a reasonable estimate of Ne compared to the 16.8 
generations separating samples analysed by Poulsen et al. (2006). 
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Finally, samples supplied by the RESTOCK project from the western and eastern Baltic 
were analysed. These samples proved to be genetically different, each belonging to the 
two identified genetically distinct management stocks (Manuscript I). On behalf of 
these findings I strongly recommend that breeding between individuals from the two 
sample location should be avoided. This is recommended because mixing of gene pools 
may prevent fixation of alleles (Adkison 1995) and possible disruption of co-adapted 
gene complexes potentially responsible for the observed local adaptation to the eastern 
Baltic since the reared cod larvae are to be released here (Støttrup et al. 2008). 
 
In summary, this study shows that SNP markers are more informative than 
microsatellites when applied in recommended ratios to identify population structure and 
determine population admixture proportions. A surprising result was the high level of 
significance to determine population admixture proportions by pooling of data obtained 
from microsatellite and SNP markers. This shows that the choice of marker, or 
combination of markers, may have an important impact on the ability to statically 
identify results present in a data set obtained from populations with low genetic 
differentiation. 
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Abstract 
We analysed the population structure of Atlantic cod (Gadus morhua) in the transition 
zone between the North Sea and the Baltic Sea, which from previous microsatellite 
genetic studies has been shown to constitute a hybrid zone between North Sea (Belt 
Sea) and eastern Baltic cod. We compared results from ten microsatellites with 101 
newly developed single nucleotide polymorphisms (SNPs) and pooling of the data from 
the two markers, using both previously analysed and new samples from the transition 
area. Overall, the levels of genetic differentiation were small and relatively similar for 
microsatellite (0.018 ±0.004), SNP (0.016 ±0.003) and pooling of the data (0.016 
±0.002). Subtle and non significant genetic differentiation was found between the two 
temporal samples from the eastern Baltic Sea and between Belt Sea and 2006 western 
Baltic Sea samples, possibly identifying the most eastern distribution range of the 
western Baltic cod stock. In contrast to previous results, we found statistical support for 
the presence of a hybrid zone in the western Baltic Sea, when applying SNP markers 
and pooling of the data. We were able to determine that the hybrid zone was better 
described by a hybrid swarm model than a mechanical mixing model of the two 
flanking populations. The identification of a hybrid zone may have important 
implications for management.  
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Introduction 
Traditionally it was believed that classical marine species, characterised by high 
fecundity, large population sizes, pelagic eggs/larvae, and wide distributions, in general 
would display low levels of genetic structuring (Ward et al. 1994) compatible with a 
model of isolation by distance. However, more recent studies have identified population 
structure even on a micro-geographical scale (Nielsen et al. 2003, 2004, 2005; Knutsen 
et al. 2003; Hemmer-Hansen et al. 2007; Jorde et al. 2007), with populations only 
separated by a few tens of kilometres, despite the general lack of physical barriers in the 
sea, which should lead to the expectation of weak or absent population structure except 
on a pan-oceanic scale (Gyllensten 1985; Ward et al. 1994; Palumbi 1994; Waples 
1998). 
 Earlier studies on Atlantic cod (Gadus morhua) has revealed population 
structuring on a small geographical scale along the salinity gradient between the North 
Sea and the Baltic Sea (Nielsen et al. 2003, 2005), and other species (Nielsen et al. 
2004; Bekkevold et al. 2005; Hemmer-Hansen et al. 2007). Some of these results have 
suggested that multiple hybrid zones were present within this transition zone. In 
general, the results have indicated that the hybrid zones were best explained by a model 
of a hybrid swarm flanked by pure “parental” populations and not mechanical mixing of 
parental individuals within the transition zones (Nielsen et al. 2003, 2005). Hybrid 
zones have been termed windows on evolutionary process (Harrison 1990), and they 
therefore provide a unique opportunity to study the factors responsible for development 
and maintenance of population structure in marine fishes. 
 Much of these previous findings can be ascribed to the development of 
microsatellites and until now only few publications have compared the resolution of 
microsatellites to single nucleotide polymorphism markers (SNP) (e.g. Narum et al. 
2008). However, population genetic studies using SNP markers are increasing because 
more genomic information is becoming available for non-model organisms and the class 
of markers has several attractive features for population genetic analysis. SNPs are 
spread throughout the genome and represent most of the genomic variation in most 
organisms. Because the vast majority of SNPs only have two alleles fast genotyping 
with low error rates and high comparability across labs is possible (Morin et al. 2004). 
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A potential bias of using large numbers of SNPs (or any other class of genetic markers) 
for population genomic analysis is the possibility that a subset of markers may be linked 
to functional genes, whereby allele frequencies might be affected by natural selection. It 
is therefore imperative that genetic markers subject to selection are identified and 
removed for demographic analyses. On the other hand, markers subject to selection can 
be used to identify local populations even in cases where gene flow is too high to allow 
neutral divergence to build up (see Waples & Gaggiotti 2006).  
 The effect of high fishing pressure on effectively all Atlantic cod populations has 
proven to be potentially devastating for the future existence of the species in many 
areas. In 1992 the culmination of consistent overfishing brought the spawning stack 
biomass around Newfoundland down from 700.000 to 1.700 tons, and the well-known 
commercial collapse of the Northwestern Atlantic Cod was a reality (Ruzzante et al. 
2001). Atlantic cod are also an important economical species for the North Sea and 
Baltic Sea region, but also here overfishing has lead to a dramatic decline within the last 
20 years (ICES 2008). Despite the fact that the spawning stock biomass (SSB) of 
western Baltic cod has increased above its critical value - but not the eastern Baltic cod - 
the overall “stock” is still vulnerable to high fishing pressure. In order to perform better 
management of the cod populations within the North Sea/Baltic Sea transition area, high 
resolution population structure data has to be generated, leading to a better 
understanding of recruitment processes and interactions between cod populations in the 
area. 
 In this study we reanalyse previous microsatellite results published by Nielsen et 
al. (2003) and compare/combine them with new results from SNP markers. The study is 
undertaken in order compare the resolution of SNP and microsatellite marker for 
revealing the relative roles of mechanical mixing of pure parental individuals and 
admixture following a hybrid swarm model. The relative statistical power for 
identification of population differentiation and population admixture proportions using 
different marker classes alone and in combination is evaluated and discussed. 
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Materials and methods 
Sampling 
A total of 237 cod were analyzed from the western Baltic and eastern Baltic (Table 1 
and Fig. 1). Samples from the western Baltic (2006) and eastern Baltic (2006 and 2007) 
were supplied by the RESTOCK project (for specifications see Støttrup et al. (2008)). 
Samples from western Baltic (1996), eastern Baltic (1997) and Belt Sea samples were 
obtained from previous genetic studies on Atlantic cod (Nielsen et al. 2003).  
 
DNA analysis 
DNA from all individuals was extracted from gill or fin tissue using the Tissue DNA kit 
from E.Z.N.A. Ten di-,tri- and tetra-nucleotide microsatellite loci commonly employed 
for population genetic studies of cod were used for analyzing genetic variation: Gmo 2 
(di-)(Brooker et al. 1994), Gmo 8 (tetra-), Gmo 19 (tetra-), Gmo 34 (tetra-), Gmo 35 
(tri-), Gmo 37 (tetra-) (Miller et al. 2000), Tch 5(tetra-), Tch 11 (tetra-), Tch 14 (tetra-) 
and GADM 1 (di-)(Hutchinson et al. 2001). Standard polymerase chain reaction 
reagents were used and the microsatellites were analyzed on a Basestaion-51 automated 
sequencer (MJ Research), and on an ALFexpress automated sequencer according to 
Figure 1 
Map of the surrounding Seas around Denmark including spawning grounds 
(black areas) in ICES subquadrants 22) Great Belt, Little Belt, Kiel Bay, 
Langeland Belt and Fehmarn Belt, 23) Danish strait, 24) Mecklenburg Bay 
(west) and Arkona Basin (east) and 25) Bornholm Basin. Sampling locations 
(mean) are marked with *. After Bagge & Thurow 1993. 
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manufacture’s recommendations. Individuals were genotyped using the 
CARTEOGRAPHERTM Sequencing and Genotyping Analysis Software and 
AlleleLocator version 1.03. The sampled individuals were also analysed with 101 SNP 
markers (Moen et al. 2008). DNA concentrations were measured on a NanoDropTM 
1000 Spectrophotometer from Thermo Scientific and diluted to 10 ng/ml. The samples 
were analysed by CIGENE, Ås, Norway.  
 
Genetic variation and statistical analysis 
Deviations from Hardy-Weinberg equilibrium were tested using the Markov Chain 
Monte Carlo (MCMC) approximation of Fisher’s exact test implemented in GENEPOP 
v4.0.7 (Rousset 2008). This software was also used to test for linkage disequilibrium.. 
Genetic differentiation among population samples was estimated using pairwise FST and 
tests for their significance following (Weir & Cockerham 1984) as implemented in 
FSTAT (Goudet 1995, 2001). A principal coordinates analysis (PCA) of DA genetic 
distance of Nei et al. (1983) was performed using the GENALEX v6 (Peakall & 
Smouse 2006) software to visualize genetic relationships among populations. 
Significance levels were adjusted for multiple comparisons using the false discovery 
rate (FDR) correction (Benjamini & Yekutieli 2001). 
 
Statistical test for positive selection 
To test if loci used for the genetic analysis were under positive diversifying or 
balancing selection the program BAYESFST (Beaumont & Balding 2004) was used.  It 
is based on likelihood estimates from MCMC resampling in a hierarchical-Bayesian 
model (Beaumont & Balding 2004). 10 000 simulations and 3 independent runs were 
conducted to ensure convergence of parameter estimates. Identification of significant 
outlier loci at the 5% and 1% significance level were visualized using the R software 
package. 
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Population admixture 
Individual population admixture and standard deviations for the western Baltic samples 
were estimated using the coalescence–based approach as implemented in the program 
Admix 2.0 (Dupanloup & Bertorelle 2001). Using the admixture model assumption 
implemented in STRUCTURE 2.2 (Pritchard et al. 2000) individual admixture 
proportions q and their 90% posterior probability intervals were calculated. North Sea, 
NO96 (SNP and microsatellite) and Bornholm Basin, EB07 (SNP and microsatellite) 
samples were chosen as “pure” populations for the baseline. Each run consisted of a 
burn-in period of 100.000 MCMC steps, followed by 500.000 steps. We simulated two 
scenarios: 1) Mechanical mixing (Barton & Hewitt 1985), where simulated samples 
were generated by including simulated parental individuals (Belt Sea and eastern Baltic) 
in proportions equal to estimates obtained from the sample admixture analysis described 
above, 2) Hybrid swarm (Moore 1977), where simulated hybrid populations were 
generated by randomly combining genotypes based on the allele frequencies of the 
western Baltic sample, thus representing random mating within the sample 
(hybridization). The program HYBRIDLAB 1.0 was used to generate the simulated 
individuals (Nielsen et al. 2006). A Kolmogorov–Smirnov two-sample test including 
bootstrapping was used to test goodness of fit between the true observed distribution of 
individual admixture proportions and distributions of individual admixture proportions 
based on the two models. 
 
Table 1 Summary for collected cod (Gadus morhua) samples showing geographic sampling 
locality and position (mean), year and month of sampling, and number (N). 
     
Area Abbr. No. of individuals Date Position (mean) 
      
      
North Sea NO96 40  Feb./Mar. 1996 N 57.10, E 08.20 
Belt Sea BS96 40  Feb./Mar. 1996 N 55.11, E 10.28 
Western Baltic WB06 36  Apr. 2006 N 54.56, E 12.28 
 WB96 40  Feb./Mar. 1996 N 54.53, E 13.33 
Eastern Baltic EB07 41  Feb./Mar./Apr. 
2006 and 2007 N 55.04, E 15.30 
 EB97 40  Apr. 1997 N 54.51, E 15.28 
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Results 
After FDR correction 4 significant deviations from Hardy-Weinberg expectations for a 
total of 9 loci were observed. Exact test for linkage disequilibrium yielded 5 
combinations of loci significant and consistent between samples after correction for 
FDR. A number of outlier loci potentially subject to selection were identified: SNP loci 
Hsp90, 1Gm1386_0216, Aroma_1_9, 1Gm0627_0302, and microsatellite loci Gmo34 
(Fig. 2). These loci were removed from further estimation of demographic parameters. 
 
 
Figure 2 
Outlier loci possibly under selection identified by BAYESFST (Beaumond & Balding 2004); (a) 
Microsatellite loci and (b) SNP loci. The black and red vertical lines indicate 95% and 99% confidence 
intervals, respectively. 
 
Genetic variation and statistical analysis 
Estimates of genetic differentiation between samples were consistent between markers. 
Overall low but statistical significant differentiation was found between geographical 
regions but also between WB06 and WB96. Low and nonsignificant differentiation was 
found within geographical regions. The geographical most distant sample in the 
analyses from the North Sea (NO96) sample showed significant genetic differentiation 
to EB07, EB97 and WB96 samples but not to WB06. Levels of genetic differentiation 
and statistical significance were not consistent for comparisons of the NO96 and BS96 
samples across markers. Highest value was achieved for SNP markers.  
 
(a) (b) 
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Table 3 FST (below diagonal) and p-values (above diagonal) for A) microsatellites, B) SNP 
and C) pooling data from both markers 
       
A EB07 EB97 WB06 WB96 BS96 NO96 
     EB07 - 0.45040 0.00007 0.18393 0.00007 0.00007 
     EB97 -0.0011NS - 0.00007 0.01287 0.00007 0.00007 
     WB06 0.0333*** 0.0347*** - 0.00007 0.25887 0.26813 
     WB96 0.0074NS 0.0048* 0.0113*** - 0.00020 0.00007 
     BS96 0.0402*** 0.0379*** 0.0020NS 0.0113*** - NA 
     NO96 0.0402*** 0.0379*** 0.0020NS 0.0113*** -0.0131NA - 
       
B EB07 EB97 WB06 WB96 BS96 NO96 
     EB07 - 0.28080 0.00007 0.10787 0.00007 0.00007 
     EB97 0.0023NS - 0.00020 0.48407 0.00080 0.00013 
     WB06 0.0287*** 0.0242*** - 0.00060 0.78193 0.01513 
     WB96 0.0063NS 0.0003NS 0.0138** - 0.00067 0.00013 
     BS96 0.0246*** 0.0249** -0.0042NS 0.0100*** - 0.00560 
     NO96 0.0422*** 0.0355*** 0.0045NS 0.0176*** 0.0048*  
       
C EB07 EB97 WB06 WB96 BS96 NO96 
     EB07 - 0.21260 0.00007 0.03107 0.00007 0.00007 
     EB97 0.0013NS - 0.00007 0.02087 0.00007 0.00007 
     WB06 0.0300*** 0.0271*** - 0.00007 0.66820 0.07613 
     WB96 0.0067NS 0.0016NS 0.0131*** - 0.00033 0.00013 
     BS96 0.0290*** 0.0286*** -0.0025NS 0.0104** - 0.98387 
     NO96 0.0416*** 0.0362*** 0.0038NS 0.0158*** -0.0001NS - 
       
 
Structuring of samples based on Nei’s DA (Fig. 3. a,b,c) revealed clustering of EB07 and 
EB97 samples and equal genetic distance between these two samples and WB96 under 
the three marker compositions. Consensus between SNP (b) and pooling of the markers 
(c) was found for grouping of BS96 and WB06 samples, with tightest grouping when 
analysed with SNP markers. In both cases the NO96 sample was positioned alone and 
with almost equal distance to the two other clusters of samples but along different 
dimensions. Distance data based on microsatellites alone (a) revealed clustering of 
EB07, EB96 and WB96 samples almost in agreement with SNP and pooling data from 
both markers. Opposite of the former graphs NO96 and BS96 were positioned together 
and WB06 was positioned by it self. 
 
51 
 
Figure 3 
Principal component analysis of (a) microsatellite samples in table 2 dimension 1, 2 and 3 explains 
72.72%, 15.17% and 6.78% of the variance, respectively; (b) SNP samples from table 2 dimension 1, 2 
and 3 explains 59.28%, 16.56% and 10.07% of the variance, respectively; (c) pooling data from both 
markers dimension 1, 2 and 3 explains 62.51%, 14% and 9.54% of the variance, respectively. 
 
Population admixture 
Table 4 Population admixture proportions for the two western Baltic 
samples using the program ADMIX 2.0 (Dupanloup & Bertorelle 2001). 
Estimated proportions of the North Sea contribution to Western Baltic 
samples, with standard deviation, are shown. Estimated number of 
individuals from the North Sea and Baltic Sea in the samples under the 
model assumption of pure mechanical mixture. Notation following Nielsen 
et al. (2003). 
 
 
North Sea cod 
admixture 
proportions (SD) 
 
 
Expected number of North 
Sea and Baltic Sea cod, 
assuming a pure mechanical 
mixing model 
 
   
WB96 (SNP) 
WB96 (Pooled) 
 
0.56 (0.12) 
0.52 (0.09) 
 
22/18 
21/19 
 
WB06 (µsat)  0.82 (0.09) 30/6 
WB06 (SNP) 0.83 (0.11) 30/6 
WB06 (Pooled) 0.91 (0.11) 33/3 
   
 
The population admixture proportions revealed almost equal contribution from the 
North Sea and the Baltic Sea in the WB96 sample analysed with SNP and pooling of 
data from both markers but with one or two more from the North Sea. Lowest standard 
deviation was found by pooling data from both markers. Admixture proportions for the 
WB06 sample showed very large contribution from the North Sea (0.82 – 0.91) 
compared to the contribution from the Baltic Sea. The estimated contribution was 
highest when pooling data from both markers.  
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Figure 4 
Distribution of q (admixture proportion) value and 90% posterior intervals among individuals. Q and rank 
is plotted on the y- and x-axis, respectively. The index ranges from 1 (“pure” North Sea cod) to 0 (“pure” 
Baltic cod). True and simulated samples from western Baltic (Nielsen et al. 2003) reanalysed with SNP 
(a,b,c) and analysed pooling data from both markers (d,e,f). Samples NO96 and EB97 were used as ‘pure’ 
populations. 
 
Individual admixture analysis (Fig. 4) revealed a high level of admixture among the 
individuals in the WB96 sample analysed with both SNP (a,b,c) and by pooling data 
from both markers (d,e,f). Re-analysis of WB96 from Nielsen et al. (2003) showed that 
the distributions of individual admixture proportions were not significantly different 
from a model of a hybrid swarm (random mating), (p-values 0.5727) but significantly 
different to a model of pure mechanical mixing (p-value 0.0149) for analysis by SNP 
makers and even more by pooling data from both markers (p-value 0.0072).  
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Figure 5 
Distribution of q (admixture proportion) value and 90% posterior intervals among individuals. q and rank 
is plotted on the y- and x-axis, respectively. The index ranges from 1 (“pure” North Sea cod) to 0 (“pure” 
Baltic cod). Data is based on 2006 western Baltic sample (a,b,c) true and simulated samples analysed by 
microsatellites markers; (d,e,f) true and simulated samples analysed by SNP markers; and (g,h,i) true and 
simulated samples analysed by pooling data from both markers. Samples NO96 and EB07 were used as 
‘pure’ populations. 
 
The distribution of individual admixture proportions for WB06 (Fig. 5) was 
significantly different from a model simulating pure mechanical mixing when analysed 
with SNP markers (p-values 0.0016) and by pooling of data from both markers (p-value 
0.0007). When assuming a hybrid swarm model, the distribution of individual 
admixture proportions was not significant for analysis of SNP (p-value 0.5041) and by 
pooling data from both markers (p-value 0.5041). Data analysed by microsatellites 
revealed no significant difference under the hybrid swarm (p-value 0.8973) or 
mechanical mixing (p-value 0.1439). 
 
Discussion  
Evidence of a hybrid zone 
The re-analysis of Nielsen et al. (2003) samples with SNP, and pooling of data from 
both markers, significantly improved the statistical power, thus very strongly suggesting 
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that a hybrid zone under a model of hybrid swarm from flanking populations is present 
in the western Baltic Sea (see Fig. 4). The analysis of the more resent sample from the 
western Baltic (2006) for population admixture revealed a very high genetic 
contribution from North Sea (Belt Sea) cod to this sample. Like in Nielsen et al. (2003) 
population admixture analysis based on data from microsatellites alone did not have 
sufficient power to resolve, which of the two models proposed, is the likely explanation 
for the pattern of genetic differentiation in the transition zone. In contrast, analysis 
based on SNP and pooling of data from both markers also proved that the distribution of 
individual admixture proportions was different from a model assuming mechanical 
mixing of “pure” individuals. It is evident, that a large proportion of the genetic content 
of individuals from the 2006 western Baltic sample is more comparable to Belt Sea than 
to the more eastern samples (see Fig. 5). The graphs show greater resemblance to the 
Belt Sea sample then to the western Baltic sample (see also Fig. 3 in Nielsen et al. 
(2003)).  
 Spawning is the Belt Sea is somewhat diffuse and continuous making the 
occurrence of multiple discrete populations within the area unlikely, whereas spawning 
in the Baltic proper is more restrained to the deep basins, but mainly taking part in the 
Bornholm basin. The finding of genetic origin of the 2006 western Baltic sample having 
highest affinity to the Belt Sea sample than to Baltic Sea samples from 1997 and 2007, 
and to a lesser degree the western Baltic 1996 sample, indicates some reproductive 
isolation between the Belt Sea and the Baltic proper. Since the 2006 western Baltic 
samples were caught in the area of Mecklenburg bay, this could be identified as the 
most eastern spawning site for western Baltic/Belt Sea cod. This is supported by the 
composition of the 1996 western Baltic sample from the Arkona basin implying that in 
this area more hybridisation is taking place as well as autumn spawning of apparent 
eastern Baltic cod (Thaulow in prep). 
 
Comparison of markers  
It was not possible to find large differences between levels of genetic differentiation 
obtained from microsatellites, SNP and pooling data from both markers. Consistent 
clustering of samples from the eastern Baltic and the 1996 western Baltic sample was 
identified with both marker types. Distance data based on microsatellite data alone 
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showed a slightly difference in patterns with more pronounced difference in the 
clustering of NO96 and BS96 samples than plots based on SNP and pooling of data 
from both markers. Difference in genetic distance could be biased by small but non 
significant levels of selection on some SNP markers and low uninformative 
microsatellites. Pooling of data from both markers proved to yield the highest statistical 
power for population admixture analysis. By implementing SNP and pooling of data 
from both markers we were able to show what could not be statistically proven by 
microsatellites alone (Nielsen et al. 2003; Fig. 5). Despite the lower level of 
polymorphism, SNP markers yielded results of higher resolution for samples with low 
levels of genetic differentiation than results based entirely on microsatellites. This 
strongly indicates that markers with low individual information levels can be more 
powerful than polymorphic markers such as microsatellites when using a high number. 
SNP markers normally represent 2 alleles whereas microsatellites represent 5 to 20 
alleles (Morin et al. 2004). In this study the ratio between SNP and microsatellite 
markers was 10:1 which is in the recommended range (Morin et al. 2004). An 
explanation for the higher levels of genetic information obtained from SNP compared to 
microsatellite markers could be a consequence of a more representative sample of the 
entire genome and reduced interlocus sampling variance. Pooling of data from both 
markers for combined analysis proved to yield the most accurate results in our study. 
Our results are therefore not entirely in agreement with another study also comparing 
the “effectiveness” between microsatellites, SNPs and pooling data from both markers 
(Narum et al. 2008). In their study microsatellites proved to yield superior power for 
finding genetic differentiation between closely related populations than SNPs. 
 
Temporal stability 
Temporal stability was found between the two samples from the eastern Baltic. This 
result is in agreement with the results by Poulsen et al. (2006) who found very small 
albeit statistically significant differences between temporal samples from 1928 and 
1997 (Poulsen et al. 2006). These samples were analysed with nine microsatellites 
where eight of the markers were the same as used in this study. The reason for their 
observation of a significant temporal difference could merely be a result of the low 
number of generations separating our two eastern Baltic samples. If we accept a 
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generation time of 4.1 years for Baltic cod (Poulsen et al. 2006) then our samples are 
only separated by 2.4 generations whereas samples analysed by Poulsen et al. (2006) 
were separated by 16.8 generations. Also Ruzzante et al. (2001) failed to identify any 
change in temporal stability despite a factor two decline in population size from 1964 to 
1994 between populations of cod in the north-western Atlantic Ocean (Ruzzante et al. 
2001), supporting the general idea of temporal genetic stability of genetic composition 
and associated high effective population size in cod. 
 
Management of a hybrid zone 
The identified hybrid zone could be caused by anthropogenic or natural hybridization. 
Overfishing and lack of stable inflows of highly saline water from the North Sea since 
the 1980’s resulting low recruitment based on unfavourable spawning conditions, 
especially the eastern population, has been proposed as causes for the decline in SSB 
(ICES 2008). By reducing the SSB interactions between individuals from the two 
parental populations might not be as frequent as earlier. This could open a niche 
between the two stocks where the hybrids might not be as strongly selected against 
compared to higher levels of competition when both “pure” populations are more 
abundant. Having a positive influence on the hybrids because hybrids normally have 
lower fitness than the parental populations (Endler 1977). Both genetic (Nielsen & 
Kenchington 2001; Nielsen et al. 2003, 2005) and behavioural (e.g. Nissling et al. 1994; 
Nissling & Westin 1997; Wieland et al. 2000) differences have been found between the 
western and eastern stocks as a consequence of the difference in e.g. salinity. Studies 
have shown that it is unlikely that the western stock can successfully reproduce in the 
eastern Baltic and it is therefore also highly unlikely for the identified hybrids. 
Hybridization is a natural part of evolution and hybrid zones are often found between 
two genetically distinct populations (Barton & Hewitt 1985). Because both stocks can 
reproduce successfully in the Arkona basin and based on observations of spawning cod 
in peak spawning time of the eastern stock (Nissling & Westin 1997) the hybrid zone 
identified here could be a result of natural interactions between the two stocks. 
Interbreeding between the hybrids and the parental populations could potentially result 
in outbreeding depression loosing important local adaptations crucial for survival 
(Allendorf et al. 2001). Especially for the eastern stock, outbreeding could be 
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detrimental in the brackish environment by e.g. raising their salinity requirements for 
successful spawning and visa versa for interbreeding with the western stock. Based on 
these findings and assumptions we think that the properties of the hybrid zone could be 
influenced by both anthropogenic and natural factors, where outbreeding depression is 
prevented by natural selection associated with the environmental differences between 
the eastern and western Baltic Sea. We do therefore not expect any severe outbreeding 
depression as a consequence of interactions between the hybrids and the two stocks of 
cod in the Baltic Sea. 
 
Conclusion 
We found strong evidence of a hybrid swarm for Atlantic cod in the transition zone 
between the highly saline North Sea and the brackish Baltic Sea. This finding provided 
statistical support for the suggestion raised by Nielsen et al. (2003) based on 
microsatellite data. By re-analysing their results with SNP markers and by pooling of 
data from both markers we were able to discern the mechanical mixing model as a 
likely explanation for the observed pattern of genetic differentiation.  
 Inclusion of temporal samples revealed temporal stability between eastern Baltic 
samples. Temporal stability was not found between the two western Baltic samples but 
between the 2006 western Baltic and the Belt Sea from 1996. This most likely identifies 
Mecklenburg bay as the most eastern distribution and possible spawning range of the 
western Baltic cod stock. 
 Correct management actions are important when considering the presence of a 
hybrid zone between two genetically differentiated populations. We conclude that 
interactions between hybrids and individuals from flanking populations most likely not 
pose as a threat for disruption of local genetic variation within the local stocks. 
 As proven in this study, the application of SNP markers showed superiority to 
microsatellite markers for analysis of population admixture proportions between 
populations with low genetic differentiation. Pooling of data from both markers proved 
even more powerful. We therefore strongly suggest the use of SNP markers for analysis 
of this kind and if possible even more in combination with microsatellites. 
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Abstract 
We studied the population structure of Atlantic cod (Gadus morhua) in the transition 
zone between the highly saline North Sea and the brackish Baltic Sea employing ten 
polymorphic microsatellite loci. Our objective was to identify the origin of spawning 
individuals caught in the Arkona basin in the western Baltic Sea in the month of august. 
The sample was compared to previously analyzed samples from the, Belt Sea, western 
Baltic and eastern Baltic sea, in order to determine their population of origin. Very low 
and non-significant genetic differentiation was found between individuals sampled in 
the Arkona basin in 2008 and eastern Baltic samples from 2007 (FST = 0.0039) and 1997 
(FST = 0.0022) and to the western Baltic (FST = 0.0058) sample. Much larger and  
statistically significant differentiation was found for the Arkona sample when compared 
to Belt Sea samples collected in 1996 (FST = 0.0348) and 2006 (FST = 0.0381). 
Individual assignment tests of individuals showed a higher proportion of individuals 
being assignment to the eastern Baltic Sea for the 2008 than the 1996 Arkona sample. 
Our results support previous ecological evidence that eastern Baltic cod possibly share 
the Arkona basin as common spawning ground with the western Baltic Sea cod with 
low levels of genetic admixture as a consequence of a large temporal difference in peak 
spawning time. 
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Introduction 
The Atlantic cod (Gadus morhua) in the Baltic Sea is divided into two separately 
managed stocks, the western part of the Baltic Sea, ICES subdivisions 22 to 24, and the 
eastern Baltic Sea, ICES subdivisions 25 to 32, (Fig. 1). Historically, the eastern Baltic 
cod stock is one of the biggest in the North Atlantic region (Dickson & Brander 1994), 
however, it has declined severely since the 1980´s. Low recruitment of eastern Baltic 
cod has been identified as a major reason for this decline as consequence of 
unfavourable environmental conditions at spawning grounds within the Baltic (e.g. 
Bagge et al. 1994; Nissling et al. 1994; Wieland et al. 2000) but also high rates of 
fishing mortality has significantly contributed to the decline (ICES 2008).  
 The Baltic Sea can be described as a large estuary with an upper layer of brackish 
water and a more saline bottom layer, separated by a permanent halocline. The Baltic 
Sea is connected to the North Sea through narrow and shallow sills along the Danish 
Straits and Belt Sea. In periods of weak and moderate winds this stratification of this 
two-layered water system stays intact. With the occurrence of strong and persistent 
western winds inflow of high-saline water from the North Sea is possible. Inflows are 
often restricted to the narrow and shallow sills. The saline inflow to the deeper central 
Baltic basins is restricted by topography and dilution by mixing with low saline Baltic 
Sea water. Often high-saline water only reaches the Arkona basin, the first basin of the 
Baltic proper, but can proceed into the Baltic basin (Stigebrandt & Wulff 1987), if the 
salinity concentration is ≥14 psu after mixing and large (100-250 km3)(Schinke & 
Matthaus 1998). Thus, inflows of highly saline North Sea water are not a common 
phenomenon and only occur with optimal metrological conditions. These inflows are 
important for successful spawning for cod inhabiting the Baltic Sea. Identification of 
spawning sites has therefore been given high priority in order to understand the 
demography of Baltic cod populations and assure sustainable management of the two 
stocks (e.g. Aro 1989; Bleil & Oeberst 2000). Different spawning sites have been 
identified for the eastern and western Baltic cod stocks. The western stock spawns in 
different areas of the Belt Sea including Mecklenburg bay and the Arkona basin (Fig. 
1). For the eastern stock the Bornholm basin has been identified as the most important 
spawning ground due to unfavourable environmental (salinity) conditions in the other 
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basins deeper inside the Baltic proper (Bagge et al. 1994). Differences in neutral egg 
buoyancy has been found between Baltic Sea cod (14.5 ± 1.2 psu) and Belt Sea cod (20 
to 22 psu) and spermatozoa activation at ≥ 11 to 12 psu and ≥ 15 to 16 psu respectively 
(Nissling et al. 1994; Nissling & Westin 1997; Westin & Nissling 1991). Translocation 
experiments from marine to brackish environments showed that these characteristics did 
not change significantly, and are therefore most likely population specific genetic 
adaptations (Nissling & Westin 1997). The salinity requirements (15 to 22 psu) for both 
populations can be fulfilled in the Arkona basin and mixing of the two subpopulations 
has been found (Oeberst 2001). But reproductive isolation is present according to Bagge 
et al. (1994) due to temporal differences in peak spawning time. Belt Sea cod spawn in 
the Arkona basin until late May/early June (Oeberst & Bleil 2003) but Nissling and 
Westin (1997) also observed spawning cod in the month of August, identical to peak 
spawning time for the eastern stock (Bagge et al. 1994; Nissling and Westin 1997; 
Wieland et al. 2000). 
 The transition zone between the highly saline North Sea and the brackish Baltic 
Sea provides an ideal location for studying the distribution of spawning populations on 
a micro-geographical scale and thereby help identifying management units of marine 
fishes within this region. Evidence of population structure along this relatively 
geographically short salinity gradient have been identified for a variety of different 
species such as Atlantic cod (Nielsen et al. 2003, 2005; Poulsen et al. 2006; Thaulow in 
prep), turbot (Scophthalmus maximus; Nielsen et al. 2004), European flounder 
(Platichthys flesus; Hemmer-Hansen et al. 2007a, 2007b), and Atlantic herring (Clupea 
harengus; Bekkevold et al. 2005).  
 By conducting microsatellite genetic analysis of temporal samples collected 
within and among years a deeper insight into the use of different spawning areas by 
individual populations can be gained and, in turn, a better understanding of the factors 
influencing the reproductive isolation of the populations. Accordingly, the aim of this 
study was to identify the population origin of spawning cod sampled in the Arkona 
basin in 2008, based on genetic comparisons to previously recognised populations in the 
area. Besides identification of genetic relationships among total samples we conducted 
individual based assignment tests to identify the potentially mixed origin of individuals 
in western Baltic samples. 
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Materials and methods 
Sampling 
A total of 411 adult cod were analyzed from six sample locations (see Fig. 1; Table 1). 
The 46 spawning individuals from the Arkona basin were caught during a standard 
DTU Aqua trawl survey by special request from the authors. The remaining samples 
were supplied from earlier studies of genetic population structure in the transition zone 
between the North Sea and Baltic Sea (Belt Sea 1996, western Baltic 1996, eastern 
Baltic 1997 (Nielsen et al. 2003), and Belt Sea 2006 and eastern Baltic 2007 (Thaulow 
in prep)). 
 
Table 1 Summery of sampled cod 
     
Area Abbr. No. of individuals Date Position (mean) 
     
     
Belt Sea BS06 38 Apr. 2006 N 54.56 ,E 12.28 
 BS96 91 Feb./Mar. 1996 N 55.11 ,E 10.28 
Western Baltic WB08 46 Aug. 2008 N 55.05 ,E 13.53 
 WB96 59 Feb./Mar. 1996 N 54.53 ,E 13.33 
Eastern Baltic EB07 97 Feb.-Apr. 2006/07 N 55.04 ,E 15.30 
 EB97 80 Apr. 1997 N 54.51 ,E 15.28 
     
Figure 1 
Map of the surrounding Seas around Denmark including spawning grounds 
(black areas) in ICES subquadrants 22) Great Belt, Little Belt, Kiel Bay, 
Langeland Belt and Fehmarn Belt, 23) Danish strait, 24) Mecklenburg Bay 
(west) and Arkona Basin (east) and 25) Bornholm Basin. Sampling locations 
(mean) are marked with *. After Bagge & Thurow 1993. 
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Microsatellite analysis 
A tissue DNA kit from E.Z.N.A was used to extract DNA from fin and gill tissue. Ten 
polymorphic microsatellite loci: Gmo 2 (Brooker et al. 1994), Gmo 8, Gmo 19, Gmo 34, 
Gmo 35, Gmo 37 (Miller et al. 2000), Tch 5, Tch 11, Tch 14 and GADM 1 (Hutchinson 
et al. 2001) were amplified with standard polymerase chain reaction (PCR) reagents and 
analyzed on a Basestaion-51 automated sequencer (MJ Research) according to 
manufacture’s recommendations. Individuals were genotyped using the 
CARTEOGRAPHERTM Sequencing and Genotyping Analysis Software. 
 
Genetic variation and statistical analysis 
Deviation from Hardy-Weinberg equilibrium was tested using the Marco Chain Monte 
Carlo (MCMC) approximation of Fisher’s exact test implemented in GENEPOP v4.0.7 
(Rousset 2008). This software was also used to test for linkage disequilibrium. Genetic 
differentiation between populations was estimated using pairwise FST and 95% 
confidence intervals following (Weir & Cockerham 1984) as implemented in FSTAT 
(Goudet 1995; Goudet 2001). A principal coordinates analysis (PCA) of DA genetic 
distance of Nei et al. (1983) was preformed with GENALEX v6 (Peakall & Smouse 
2006) to visualize genetic distance between populations. All FST, HW and LD values 
were controlled for multiple testing by the false discovery rate (FDR)(Benjamini & 
Yekutieli 2001). 
 
Statistical test for positive selection 
The program BAYESFST (Beaumont & Balding 2004) was used to test all loci for 
outlier status and possible selection, identified using 10 000 simulations. Three runs of 
the program were analyzed individually and compared, to ensure convergence of 
parameter estimates.  
 
Individual assignment 
We used the Bayesian calculation approach of “probability of belonging” to assign 
individuals to other samples by Bayesian resampling of individuals based on allelic 
frequencies (Rannala & Mountain 1997) as implemented in the program GENECLASS 
2.0 (Piry et al. 2004). The program MONTE from the REAP package (McElroy et al. 
68 
1991) was used to test for differences in the distribution of assignment among baseline 
samples following a Monte-Carlo simulation approach (Roff & Bentzen 1989) as 
implemented in the program. Comparable sample sizes were used to reduce bias of 
results due to additional power from larger sample sizes. Baseline individuals consisted 
of simulated “pure” hybrid individuals created from random mating between “pure” 
individuals from the same sample (e.g. EB97 vs. EB97) using the program 
HYBRIDLAB 1.0 (Nielsen et al. 2006). 
 
Results 
Table 2 Estimates of pairwise genetic differentiation (FST) below diagonal and p-values above 
diagonal 
       
  EB07 EB97 WB08 WB96 BS06 BS96 
       
       
EB07 - 0.01860 NS 0.10160 NS 0.00933* 0.00007*** 0.00007*** 
EB97 0.0019 - 0.00840* 0.00027*** 0.00007*** 0.00007*** 
WB08 0.0039 0.0022 - 0.01547 NS 0.00007*** 0.00007*** 
WB96 0.0059 0.0064 0.0058 - 0.00007*** 0.00007*** 
BS06 0.0351 0.0397 0.0381 0.0127 - 0.36160 NS 
BS96 0.0337 0.0373 0.0348 0.0105 0.0003 - 
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Figure 2.  Principal component analyses of microsatellite data from samples. 
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Genetic differentiation between samples 
Exact tests for linkage disequilibrium was significant in 6 tests after correction for FDR 
but these were not consistent across all samples and these markers are therefore not 
interpreted as physically linked. 4 significant deviations from Hardy-Weinberg 
equilibrium were observed after FDR correction. Estimates of pairwise genetic 
differentiation were small and nonsignificant among WB08, EB07 and WB96 samples 
and among samples from the EB07 and EB97 (Table 2). Small but statistical significant 
genetic difference was found between WB08 and both Belt Sea samples and EB97. 
Clear association between the WB08 and both EB07 and EB97 samples was visualised 
in the PCA (Fig. 2) of dimensions 1st and 2nd (explaining 92.94% and 4.42% of the 
variance, respectively). The WB96 sample appeared to be almost equally distant from 
the Belt Sea and eastern Baltic samples. The BS06 and BS96 samples showed almost 
equal distance to the eastern samples and group together with one another since only 
4.42% of the variance was explained by the 2nd dimension. Assignment tests revealed an 
assignment of individuals from WB08 to EB97 and BS96 of 38/9 individuals, 
respectively, with a p-value of 0.0006. Assignment of individuals from WB96 revealed 
more individuals being assigned to BS96 than to EB97 (26/14, respectively) and 
significantly different from the assignment of WB08 (p-value ＜0.0000). 
 
Discussion 
The results strongly indicate that the sampled individuals in the Arkona basin in 2008 
are genetically similar to the eastern Baltic cod population. The PCA visualization of 
the genetic distance data showed that the WB08 and the two eastern Baltic samples 
grouped very tightly together (Fig. 2). This finding strongly indicates that these samples 
are from the same population despite the small but significant genetic differentiation 
between WB08 and EB97. Our findings are consistent with the observations and 
expectations of Nissling & Westin (1997). The authors observed spawning cod in mid 
August 1995 and with respect to spawning time they postulated that these were of 
eastern Baltic origin (Nissling & Westin 1997). The results are furthermore supported 
by other studies on genetic difference between samples of Atlantic cod in the study area 
(Nielsen et al. 2003, 2005; Thaulow in prep).  
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Comparison of assignment of individuals showed that the WB08 sample consisted of a 
significant higher proportion of eastern content then the WB96 sample from same 
geographical region. It has earlier been shown that the WB96 sample most likely 
consists of hybrids and possibly a small proportion of ‘pure’ individuals from the 
eastern and western Baltic (Nielsen et al. 2003; Thaulow in prep). The comparison 
therefore strongly suggests that the WB08 sample to a significantly larger degree 
consist of eastern Baltic cod than the WB96 sample. But the origin of the non eastern 
individuals could not be identified as either Belt Sea or hybrids (WB96) or if they were 
falsely assigned as a consequence of simulation bias. 
 
The observed differences in genetic composition among western Baltic samples could 
be explained by difference in time of sampling. The WB96 sample was collected in 
February/March compared to August for the WB08 sample. Earlier studies have 
revealed a difference in peak spawning time between the western- and eastern Baltic 
cod stocks (Bagge et al. 1994; Wieland et al. 2000). In the 1970s and 1980s peak 
spawning time of the eastern Baltic cod stock ranged from the end of May to early-June. 
But in the 1990s a shift in peak spawning time towards the end of July was observed. It 
was estimated that more than 85% of the spawning population in the Baltic Sea in the 
midt-1990s consisted of small/young (2 - 4 year old) individuals (Anon 1998). For the 
western Baltic cod, it has been found that larger/older individuals spawn earlier and 
over a longer period than smaller individuals (Bleil & Oeberst 1997). Removal of large 
individuals from the spawning population has been speculated to be one of the main 
reasons for the shift in peak spawning time. As reviewed by Aro (1989), eastern Baltic 
cod use different spawning ground from year to year, but the reason for this behaviour 
is unknown (Aro 1989). Adult cod in the north-western Atlantic have specific salinity 
and temperature preferences during their spawning migration (Rose 1993), and it has 
been found that the distribution of cod in the eastern Baltic Sea is affected by 
environmental conditions and topology (Tomkiewicz et al. 1998). Inflows of highly 
saline water from the North Sea could therefore have an important influence on the 
distribution and choice of spawning ground for the eastern Baltic cod population. The 
difference in spawning time, despite both stocks being able to spawn in the Arkona 
basin (Nissling & Westin 1997), could be important for maintaining the documented 
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reproductive isolation between western- and eastern Baltic cod populations found by 
Nielsen et al. (2003, 2005) and Thaulow (in prep). However, some hybridisation 
between local populations was found in the western Baltic, where patterns of genetic 
differentiation supported a hybrid swarm model from flanking “pure” populations 
(Thaulow in prep).  
 The strong indication that eastern Baltic cod conduct spawning migrations into the 
Arkona basin could indicate some level of temporally separated spawning of sympatric 
subpopulations within this micro geographical region. Temporally distinct spawning 
subpopulations of Atlantic herring (Clupea harengus) have been found in both the 
north-western part of the Atlantic Ocean (McPherson et al. 2003) and in the Baltic Sea 
(Jørgensen et al. 2005a; 2005b). McPherson et al. (2003) found genetic difference at a 
spawning location between two samples of spawning herring separated by only 6 days. 
The authors concluded that distinct sympatric subpopulations may exist and might be 
explained by a spawning wave phenomenon (McPearson et al. 2003). Jørgensen et al. 
(2005) also concluded that their data might indicate the presence of sympatric spawning 
populations of Atlantic herring at Rügen in 2002 (Jørgensen et al. 2005b). Additional 
sampling throughout the total spawning period in the Arkona basin is necessary to 
identify sympatric spawning of the different populations. The identification of distinct 
sympatric subpopulations is important for management. Estimates of spawning biomass 
over the spawning period is often used to determine stock size for which exploitation 
limits for the different management areas are set. If spawning individuals of genetic 
different population moving between management areas are not accounted for in these 
biomass estimates, overexploitation and risk-prone management of the individual stock 
is inevitable (McPearson et al. 2003). 
 Natal homing has been proven to be one of the main forces for genetic difference 
between populations of anadromous species (e.g. salmon and trout). Robichaud & Rose 
(2004) showed that north-east Atlantic cod displayed 50% sedentary and 30% accurate 
homing to spawning sites (Robichaud & Rose 2004). Identifying of whether migration 
to spawning grounds is a consequence of natal homing or return to site of first 
reproduction is hard to document (McQuinn 1997). Nielsen et al. (2005) found genetic 
differences between adults from the Belt Sea and western Baltic but not among samples 
of juvenile cod. The authors suggested that this nonsignificant genetic difference 
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between juvenile samples could be caused by passive drift of eggs and larvae from the 
Belt Sea as suggested by Oeberst (2001). Genetic difference between adult samples 
could be caused by natal homing of juveniles but this is not a very likely explanation 
(Nielsen et al. 2005). Population identification has also been based on element 
fingerprints from dissolving of whole otoliths for two Atlantic cod stock off the coast of 
Newfoundland (Campana et al. 1995) and other species (e.g. Volpedo & Cirelli 2006). 
Chemical analysis of the micro-composition from core and edges of otoliths might be a 
possibility for determining if spawning cod in the Arkona basin are themselves spawned 
here, or if they consist of cod on spawning migration from the Baltic Sea. Ultimately 
this could help to identify the role of natal homing in shaping population structure on a 
micro-geographical scale. 
 An expected climate change in the northern hemisphere, caused by global 
warming, is likely to affect both temperature and salinity in the Baltic Sea. The 
predictions indicate that temperature will increase and salinity concentrations will 
decrease (MacKenzie et al. 2007). Because most of the species in the Baltic Sea are 
living on the edge of their distribution range, these environmental changes will have a 
huge influence on the species community currently inhabiting the Baltic Sea. The Baltic 
cod has adapted to a life in this brackish environment (e.g. Nissling & Westin 1997; 
Wieland et al. 2000) and it is therefore likely that their distribution range will be pushed 
to the Belt Sea and possibly also further towards the North Sea. Our identification of 
eastern Baltic cod spawning in the Arkona basin might indicate a plastic response, in the 
form of migration, as a result of poor environmental spawning conditions in the Baltic 
proper due to restricted inflows of saline water from the North Sea since the 1980s. This 
could indicate the possibility of further changes in the spawning distribution for eastern 
Baltic cod in the future. 
 
Conclusion 
Our identification of eastern Baltic cod spawning in the western Baltic increase the 
understanding of the development of reproductive isolation and population structuring 
between sympatric populations on a micro geographical scale. Further detailed studies 
covering the whole spawning season and multiple years are required to identify the 
short and long term patterns of sympatric spawning populations in the western Baltic. In 
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relation to management we think that our results are highly relevant for estimation of 
spawning and recruitment and in turn assure sustainable management of the two 
populations. 
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